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ABSTRACT: Carbon monolithic adsorbents exhibiting a hierarchical pore structure are 
produced via a synthesis route based on the stabilization of liquid foams followed by a 
carbonization step. The macro-microporous structure is achieved by the incorporation of 
microporous, biomass-derived activated carbon particles in the liquid foam enclosed by a 
cationic surfactant as stabilizer. This method yields crack-free monoliths (solid foams) 
with a compressive strength of the order of 20 kPa. The microstructure and the textural 
properties of the final solid foams have been investigated by means of Scanning Electron 
Microscopy (SEM) and gas adsorption. The behavior as selective CO2 adsorbents at 25 ºC 
has been evaluated using breakthrough experiments under simulated post-combustion 
conditions (16 % V/V CO2/N2), resulting in a selectivity factor of 13 over N2. The 
hierarchical pore structure of the monoliths allows a rapid transport of the gas mixture 
through the macropores with no appreciable pressure drop, retaining more than 90% of the 
adsorption capacity ( 0.868 mmol/g) after several adsorption/desorption cycles. 
Moreover, the monolith has shown a CO2 uptake capacity of 2.62 mmol/g under static 
condition at 1 bar and 25 ºC. This study provides guidelines for the design of carbon-based 
foams decorated with carbon particles, which have morphological and textural properties 
that can be carefully selected for any gas-selective capture application.
1. Introduction
A concern for the emissions rise of greenhouse gases and their possible influence on global 
warming has led to an increase in research interest in several technologies with the 
capability of reducing the emissions of such gases or even removing them from the 
atmosphere. Of all greenhouse gases, the gas making the largest contribution from human 
activities is carbon dioxide (CO2). Because of this, a significant amount of interest has 
been developed for the capture and the elimination of CO2 from the atmosphere [1]. Post-
combustion CO2 capture at coal-powered power plants can be considered one of the most 
attractive short-term solutions to decrease CO2 emissions, as the gaseous waste from these 
2power plants has been found to account for up to 25% of the annual CO2 released globally 
[1]. The state-of-the-art technology used for CO2 sequestration involves aqueous amine 
solutions which chemically adsorb CO2 [2,3]. Unfortunately, this technology results in an 
energy penalty of around 20-30% of the output of the power plant required to regenerate 
the absorption unit [4]. Moreover, there is an environmental issue related to the corrosive 
nature of the amine solutions.
Novel systems based on adsorption phenomena have been investigated to overcome these 
drawbacks. For instance, a pressure or vacuum swing adsorption (PSA/VSA) unit is a 
promising technology that consists of a column filled with a properly designed adsorbent 
material, through which the gas stream flows, selectively capturing the CO2 until the 
adsorbent reaches saturation. The subsequent regeneration is achieved by applying a 
change in pressure, resulting in a much cleaner and more cost-effective technology than the 
aforementioned aqueous amine solutions. In this procedure, the performance of the 
adsorption unit is governed by: the adsorption capacity of the material; the selectivity for 
the desired compound; the mechanical and chemical stability of the material, especially in 
the presence of moisture; and its capability to be regenerated. There are a great number of 
candidates among adsorbents to be used for this process such as zeolites [5,6], mesoporous 
silica [7-9], metal organic frameworks (MOFs) [10-12], porous organic polymers [13] and 
activated carbon [14-17]. The latter has proven to be a low-cost alternative with highly 
tunable features, such as high surface area, high thermal and chemical stability [18-21]. 
Furthermore, the current challenges in PSA/VSA based carbon capture are to significantly 
increase the productivity while ensuring high purity (95 %) and recovery (90 %) 
requirements. For instance, the selectivity in respect to other gases in the stream flow has 
to be very high. But at the same time, the CO2-surface interaction has to be sufficiently 
weak to assure a fast regeneration of the carbon bed (i.e. high curvature of the CO2 
isotherm is detrimental) [22]. The largest disadvantage of activated carbon is that high-
surface area carbon powder would produce a significant pressure drop in the gas stream if 
applied in columns [23]. Only a few previous attempts to produce high-surface area 
activated carbon monoliths have resulted in mechanically stable monoliths. For instance, 
Hao et al. [24] reported a carbon monolith prepared through a self-assembly of 
poly(benzoxazine-co-resol) followed by a carbonization process, which withstood a 
compressive stress of up to 15.6 MPa. A few years later, Hao et al. [25] reported a new 
type of hierarchically porous carbon monolith made from graphene oxide and asparagine 
3which was able to withstand up to 28.9 MPa. Recently, Fernandez-Catalá et al. [26] 
reported the preparation of AC@MOF hybrids using a binderless activated carbon 
monolith from petroleum residue with a crushing strength of ca. 8N. In any case, the 
mechanical resistance of the obtained monolith decreases with increasing surface area.
It is important to note that, in the area of ceramics, numerous techniques have been 
developed for the production of macroporous systems, the most common being reactive 
infiltration [27-30]. This technique has not been adapted to the manufacture of carbon 
foams, however it has been successfully applied to the synthesis of metallic foams [31]. In 
recent years, a new method, based on the solidification of particle-stabilized liquid foams, 
was developed for ceramic foams [32,33]. This approach has been successfully adapted to 
the production of macroporous carbon foams, using carbonaceous particulates, such as 
carbon black or carbon soot [34, 35] as foam stabilizer. The carbon porous materials 
obtained exhibited a highly ordered macroporous system with a cell structure 
interconnected by struts. According to the method proposed in these studies, liquid foams 
stabilized by carbon colloidal particles are used as a template for a gel-casting process. The 
polymeric porous material obtained, also called “green body”, is further treated at high 
temperature to eliminate the organic components and obtain porous carbon materials. A 
key aspect of this method is that the formulation of the initial liquid foam determines the 
structural and mechanical features of the final porous materials. By associating surfactant 
to solid nanoparticles it is possible to tune their degree of hydrophobicity, which 
consequently affects their affinity with the water-air interface and, therefore its 
effectiveness as foam stabilizer. Thus, the physico-chemical characterization of the 
precursor dispersions by determining the interfacial and bulk properties, is a fundamental 
step to monitor and select the right degree of the particle amphiphilicity. For example, it 
has been shown that after associating appropriate surfactants to carbon particles in the 
dispersion, it is possible to improve the mechanical strength and increase the specific 
surface area of the final porous materials. 
In the present work, we apply this technique by using ad hoc produced microporous 
activated carbon powders as stabilizers of the precursor liquid foams. By using 
microporous particles, we obtained mechanically stable carbon monoliths with hierarchical 
micro/macro pore structures. The textural and structural properties of the monoliths were 
evaluated and the performance of the monoliths for CO2 adsorption under both static and 
dynamic conditions were tested. 
42. Experimental
2.1 Materials
Activated carbon particles were produced in-house from milled coconut shell through a 
physical activation process using CO2 as activating agent [35,36]. Two particle size 
fractions were selected through sieving for this purpose, a fine fraction (20-50 µm) and a 
coarse fraction (50-100 µm). After sieving, the milled coconut shell was washed using a 1 
M HCl solution and rinsed with distilled water. Both fractions were carbonized at 800 ºC 
for 1 hour with a heating rate of 1 ºC/min. Afterwards, the obtained carbon particles were 
activated using CO2 at 950 ºC for 6 hours with a heating rate of 10 ºC/min. The obtained 
activated carbon particles were characterized using gas adsorption (N2 and CO2) and 
scanning electron microscopy (SEM).
The cationic surfactant used to stabilize the liquid foams, hexadecyltrimethylammonium-
bromide (CTAB); the gel-casting agents, Polyvinyl alcohol (PVA), the cross-linker 2,5-
dimethoxy-2,5-dihydrofuran (DHF) and Nitric acid (HNO3), were supplied by Sigma-
Aldrich (Germany). The water employed for the preparation of the dispersions was 
obtained by using a multi-cartridge system (Millipore, Elix plus Milli-Q), providing a 
resistivity greater than 18 MΩ·m and surface tension of 72.5 mN/m without any 
appreciable kinetics over several hours.
2.2 Procedure
2.2.1 Carbon particles and carbon monoliths characterization
The textural properties of the activated carbon particles and the carbon monoliths produced 
were evaluated using physical adsorption (N2 adsorption at -196 ºC and CO2 adsorption at 
0 ºC). Measurements were performed up to 1 bar in an in-house-built, fully-automated 
manometric equipment designed and constructed by the Advanced Materials Group, now 
commercialized as N2Gsorb-6 (Gas to Materials Technologies; www.g2mtech.com). 
Before any adsorption measurements, samples were degassed at 250 ºC for 4 hours. The 
surface area was calculated using the Brunaeur-Emmet-Teller theory applied to the N2 
adsorption data (SBET). The narrow micropore volume (VDR,CO2) and the micropore volume 
(VDR,N2) were calculated by applying the Dubinin-Radushkevich equation to the CO2 and 
N2 adsorption isotherms, respectively. Adsorption measurements were performed using 
5whole monolithic specimens. The structure of the monoliths was evaluated using scanning 
electron microscopy (SEM) and field emission scanning electron microscopy (FESEM). 
2.2.2 Particle dispersion preparation
Activated carbon particles dispersions were prepared by stepwise addition of the aqueous 
phase (CTAB solution) upon continuous stirring. To ensure full dispersion of the particles, 
suspensions were put under sonication for 1 hour and they were kept under stirring 
overnight.  Afterwards, a 3.9 wt.% PVA solution was added gradually to the mixture. To 
avoid particle agglomeration, dispersions were stirred overnight. 
2.2.3 Interfacial and bulk characterization of particle dispersions
The surface tension of the dispersions, γ, was measured by the drop shape tensiometry 
technique [38]. This method is based on the acquisition of the drop/bubble shape under 
gravity effect. The surface tension is determined by fitting the theoretical profile of an 
axis-symmetric drop calculated through the Laplace equation to each experimentally 
acquired drop profile. The instrument used in this work (PAT-1, Sinterface, Germany) 
allows the surface tension versus time, with an accuracy of 0.1 mN/m, to be measured 
using a pendant drop formed at the tip of a small Teflon capillary of a few millimeters in 
diameter. The instrument allowed the drop/bubble surface area during the surface tension 
measurement to be automatically controlled by means of a precision syringe pump. In this 
study, the drop surface area was maintained at a constant value of 30 mm2 while the 
surface tension was acquired over time until the achievement of the equilibrium value. All 
the measurements were performed at 25 ºC.
The size distribution and the surface charge of the AC particles in the water dispersions 
were obtained by Dynamic Light Scattering (DLS) and zeta-potential measurements, 
respectively, using a Zetasizer device (Nano ZS, Malvern Instruments, United Kingdom). 
In DLS measurements, the intensity correlation function of the dispersions was obtained 
using the red line (λ = 632 nm) of a He-Ne laser at a fixed temperature of 25 ºC and a 
quasi-backscattering configuration (θ = 173°). The hydrodynamic diameter dH is obtained 
by the analysis of the normalized second order correlation functions g2(t) using a standard 
inverse Laplace algorithm which provides the apparent diffusion coefficient, D, related to 
the particles size through the Stokes-Einstein relation. The zeta-potential was calculated 
from measurements of electrophoretic mobility (μe) obtained by laser Doppler 
6electrophoresis technique [39]. All measurements were performed in disposable capillary 
cells at a fixed controlled temperature of 25 ºC.
2.2.4 Porous monolith preparation
The solid foams, or porous monoliths, were prepared according to the procedure written 
elsewhere [34,35]. The liquid foams are generated from the previously prepared and 
homogenized dispersions, using a direct foaming technique. With this purpose, a special 
mixer (T25 ULTRA-TURRAX, IKA) beats the dispersion for 2-10 minutes, with a speed 
of 8,000-10,000 rpm. In order to obtain the green body foam, immediately after foaming, 
the particle-laden foams are placed into the oven for 4 hours at 80 ºC, where they undergo 
solidification by in situ gelation. The prepared materials were cooled to room temperature 
and left to dry for 48 hours. The whole procedure is summarized in Fig 1.
Fig 1. Schematic representation of the green foam synthesis procedure.
After drying, green foams were carbonized at 900 ºC for 1 hour using a heating rate of 1 
ºC/min under argon flow to obtain the carbon monoliths. For comparison, a monolith using 
only PVA binder without AC particles was produced following the same procedure.
2.2.5 Gas adsorption capacity
The single component CO2 and N2 adsorption capacities were measured at 25 ºC up to 1 
bar in an in-house-designed, fully-automated manometric equipment designed and 
constructed by the Advanced Materials Group, now commercialized as N2Gsorb-6 (Gas to 
Materials Technologies; www.g2mtech.com). Adsorption measurements were performed 
using whole monolithic specimens.
The separation measurements of CO2 from CO2/N2 binary mixture were performed in a 
fixed-bed column (inner diameter of 3.2 mm and a length of 60 mm containing ca. 100 mg 
of sample) at 25 ºC and a total pressure of 1 bar. Prior to the experiment, the adsorbent was 
7cleaned at 200 ºC for 2 hours under a He flow of 50 mL/min. The breakthrough experiment 
was carried out by switching abruptly from a He flow of 40 mL/min to the mixture gas 
containing 16 % of CO2 (V/V) in N2 with a total flow of 10 mL/min. The flow rates of all 
gases were controlled by a mass flow controller with an accuracy of ±0.1 mL/min. The 
temperature was measured using a thermocouple with an accuracy of ±1 ºC located 
immediately outside the column at the solid bed. The temperature was monitored during 
the experiment. The evolution of the effluent gas was monitored in a mass spectrometer 
(Pfeiffer, OmniStar GSD 301). Six cycles of adsorption/desorption were performed to 
evaluate the selectivity and reversibility of the monolith under milder regeneration 
condition. After each breakthrough run the regeneration was carried out by switching the 
feed gas back to a pure He flow of 40 mL/min at 25 ºC for 20 minutes. The same 
experiment in an empty column was performed in order to obtain a correction factor which 
represented the time required for the gases to flow from the saturator valve to the detector 
in the absence of adsorption phenomena.
The dynamic adsorption capacity (q) of the adsorbents was calculated from the 
breakthrough curves at break time according to the equation [14, 40]:
𝑞 = 𝐹𝑚(∫(1 ‒ 𝐶𝐶0)·𝑑𝑡 ‒ 𝑡𝐷)
where F is the molar flow of gas, m is the amount of the adsorbent in the fixed bed, C and 
C0 are the outlet and inlet concentration of the stream through the system, respectively, and 
tD is in the dead volume of the system.
3. Results and discussion
3.1 Activated carbon particles characterization
The N2 and CO2 isotherms obtained at -196 and 0 ºC respectively (Fig 2) for the fine and 
coarse activated carbon particles produced showed that there seemed to be no effect of the 
particle size in the development of porosity during activation. Both particle sizes present a 
N2 type I isotherm with a very narrow knee, indicating the presence of narrow micropores. 
Both activated carbons show high CO2 adsorption capacity of around 4.8 mmol/g at 0 ºC. 
The pore size distribution calculated using the NLDFT model (slit-shaped pore; 
equilibrium model) confirms the presence of narrow microporosity with pore diameters 
below 1 nm. SEM analysis (Fig. 2) shows that the particles present random geometries, 
8retaining biological features of the precursor used (coconut shell). The surface area 
calculated from N2 isotherms using the BET method was 900 m2/g, and the narrow 
micropore volume and micropore volume calculated from the N2 and CO2 isotherms using 
the Dubinin-Radushkevich method are, 0.35 and 0.39 cm3/g respectively, for both particle 
sizes.
Fig 2. SEM representative images of the as-produced activated carbon particles and gas 
adsorption measurements (N2 and CO2 isotherms obtained at -196 ºC and 0 ºC 
respectively).
3.2 Dispersion characterization
The activated carbon (AC) particles investigated presented a very low capacity to be 
dispersed in pure water while stable dispersions were obtained in the presence of CTAB 
surfactant, even at low concentration. This allowed the characterization of the dispersions 
from both the point of view of the surface properties, by means of surface tension 
measurement, and with regards to the bulk characteristics of surfactant modified AC 
particles. In pure water, carbon particles tend to aggregate and precipitate.  Improvement of 
the dispersion in the CTAB solution as compared to the water solution could be explained 
9by the surfactant molecules adsorbing onto the AC carbon surface, driven by hydrophobic 
interactions, thereby creating a new hydrophilic surface layer which is more compatible 
with the water matrix. As already discussed in [41] for a similar system, the adsorption of 
CTAB limited the particle aggregation. Moreover, AC–CTAB complexes present an 
amphiphilic character and tend to transfer to the water-air interfaces, which can stabilize 
foams. In fact, a common way to control foam formation and stability is to mix the 
particles with an oppositely charged ionic surfactant. Tuning the surfactant adsorption on 
solid particles allows the degree of hydrophobicity to be controlled, improving in some 
cases also the dispersion stability [42].
In order to find the appropriate formulation of the liquid, the mixed AC-CTAB dispersions 
were characterized by means of surface tension and zeta-potential measurements as a 
function of the CTAB concentration (Fig 3). Figure 3a shows the equilibrium surface 
tension of a dispersion of 0.1 wt.% AC particles in an aqueous CTAB solution vs. CTAB 
concentration (blue points) compared with the values obtained for the corresponding 
CTAB solution without particles (black points). The black line is the best-fit curve 
obtained from the Frumkin adsorption isotherm. Fig. 3b shows the zeta-potential values 
obtained for the same dispersions vs. the surfactant concentration.
Fig 3. (a)Equilibrium surface tension of the AC-CTAB dispersion (blue points), of the 
CTAB solution (black points) and best fit theoretical curve by the Frumkin adsorption 
isotherm; (b) zeta-potential of the AC-CTAB dispersion. The dashed line indicates the 
zeta-potential of distilled water.
At low CTAB concentrations, < 5·10-5 M, the surface tension of the AC-CTAB dispersions 
and of the corresponding CTAB solution are similar. This changes dramatically for CTAB 
concentrations around 5·10-4 M and higher, where the surface tension of the AC-CTAB 
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dispersion decreases abruptly to about 45 mN/m. For CTAB concentrations higher than 
1·10-3 M, the equilibrium surface tension of the dispersion presents a nearly constant value. 
This behavior can be compared with the data obtained by the zeta-potential measurements. 
As reported in Figure 3b, when increasing the surfactant concentration, the initially 
negative charge of particles (-20 mV) is neutralized and, for CTAB concentration higher 
than 5·10-4 M, it becomes positive. Around this charge inversion point, we can assume that 
CTAB-decorated particles are partially hydrophobic and tend to be transferred to the 
water-air interface. This is consistent with the significant surface tension decrease observed 
for CTAB concentration around 5·10-4 M. Further increase of surfactant concentration 
provokes the growth of the positive particle charge, due to the increase of CTAB 
adsorption onto the particle surface. When the complexes assume a rather high positive 
charge, that is for CTAB concentration of around 1·10-3 M and higher, the particles are 
expected to become hydrophilic and remain in aqueous phase rather than on the interface. 
This is in agreement with the surface tension measurements. This analysis of the surface 
and bulk properties of the AC-CTAB dispersions provides the optimum surfactant 
concentration in which particles are transferred to the water-air interface becoming 
efficient foam stabilizers. From these results, we can assume that the optimum ratio 
between particles and surfactant corresponds to a CTAB concentration of 4·10-4 M in an 
AC dispersion of 0.1 wt.%. That means that the dispersion should present an AC/CTAB 
ratio of 2.5 g/mmol to optimize the transfer of particles to the water/air interfaces in the 
liquid foams. No effect of particle size was evidenced in the dispersion behavior for the 
particle size fractions used in this work. For the sake of clarity, only the measurements 
corresponding to the fine fraction are shown.
3.3 Green monolith characterization
Several green body foams were prepared according to the procedure described in the 
previous section using activated carbon particles of both sizes. The initial solid content of 
particles in dispersions was 1 and 10 wt.%. The concentration of CTAB was chosen in 
order to maintain the optimum AC/CTAB ratio of 2.5 g/mmol. After in situ gelation, the 
materials obtained present a crack-free monolithic aspect, retaining the shape of the 
container used for their production, allowing for the production of custom geometries. As 
evidenced by SEM analyses (Fig 4), the skeleton of the obtained monoliths consists of 
large and medium homogeneously interconnected spherical cells.
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Fig 4. SEM images of (a) green body foams of 1 wt.% coarse AC particles , (b) 10 wt.% of 
coarse AC particles, (c) 1 wt.% fine AC particles and (d) 10 wt.% fine AC particles.
The open cell structure is mainly an effect of the surfactant presence in the matrix foam. 
For comparison, the corresponding samples of green body carbon foam without surfactant 
were prepared. The resulting foams are more compact and present a structure dominated by 
heterogeneous closed cells (see Fig 5a and b). Furthermore, a closer look at the cell walls 
of green foams prepared with surfactant revealed the presence of bumps and a certain 
topography which can be attributed to the AC particles that are covered in PVA during the 
gelling process (see Fig 5c). This provides further evidence of the segregation of particles 
to the air/liquid interface during foaming.
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Fig 5. (a) SEM images of samples produced without surfactant and (b) with CTAB. (c) 
SEM image of a green body obtained with surfactant. Arrows indicate the presence of 
bumps in the foam cell wall.
3.4 Carbon monoliths characterization
After the carbonization step, monoliths experienced a volume decrease of around 60% but 
retained their geometry and no cracking was observed. Carbonized monoliths were robust 
enough to withstand handling and machining operations (cutting and drilling). The 
compressive strength of these monoliths is of the order of  20 kPa as reported by Zabiegaj 
et al. [41,42] for similar materials. SEM observations indicate that they also retained the 
cell structure of the green foams. Interestingly, the observed bumps in green foams 
disappeared after the heat treatment, and were replaced by AC particles embedded in the 
wall of the cells (see Fig 6).  
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Fig 6. SEM image the carbon monoliths produced, where the embedded AC particles in the 
walls of the cells are evidenced. The areas marked in yellow have been magnified for 
better observation.
Fig 7 shows the N2 isotherms at -196 ºC and the CO2 isotherms at 0 ºC obtained for the 
different carbon monoliths, including that of the green foam and the carbon monolith 
synthesized in absence of AC particles (only PVA). The green foam presented a type III N2 
isotherm, characteristic of non-porous materials, probably because the AC particles are 
covered by PVA. However, all carbonized monoliths, including the PVA foam, showed 
type I N2 isotherms, indicating the presence of microporosity. In Table 1 the B.E.T. surface 
area, the narrow micropore volume (pores diameters below 0.7 nm) and micropore volume 
(pores diameters below 2 nm) for all the samples are presented. The samples containing 10 
wt.% AC particles show the highest B.E.T. surface areas, which are slightly inferior to the 
one of the AC powder. The narrow micropore volume (VDR,CO2) is similar in all of the 
carbon monoliths, ranging from 0.31-0.37 cm3/g. The micropore volume (VDR,N2) ranges 
from 0.24-0.25 cm3/g for monoliths containing 1 wt.% AC and 0.30-0.32 cm3/g, for 
monoliths containing 10 wt.% The fact that the VDR,CO2 is higher that the VDR,N2 is an 
indication that the pore size distribution is tight in the narrow pore diameter range (below 
0.7 nm), which means that these materials are promising for the capture and separation of 
small gas molecules, like CO2. However, since the pore size is so small, larger molecules, 
like N2, cannot diffuse into the inner porosity and are, therefore, not isolated. Moreover, 
the carbonization of PVA also yields a microporous material (VDR,CO2 = 0.24 cm3/g), 
indicating that the final textural properties of the carbon monoliths is a combination of the 
remaining accessible pores of the AC particles and the newly developed narrow 
micropores in the carbonized PVA phase. 
Table 1. Textural properties derived from gas adsorption measurements of the produced 
monoliths.
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Sample Particle size fraction
AC content in 
the
initial 
dispersion (wt 
%)
SBET 
(m2/g)
VDR,N2* 
(cm3/g) VDR,CO2*(cm
3/g)
AC Coarse/Fine - 900 0.36 0.39
Carbon 
monolith Coarse 1 630 0.24 0.32
Carbon 
monolith Coarse 10 800 0.30 0.32
Carbon 
monolith Fine 1 630 0.25 0.31
Carbon 
monolith Fine 10 850 0.32 0.37
PVA 
monolith - 0 140 0.06 0.24
Green foam Coarse 10 16 0.11 0.11
*VDR,CO2, VDR,N2= narrow micropore volume and micropore volume calculated by 
applying Dubinin-Radushkevich to the CO2 and N2 adsorption isotherm data, respectively.
Fig. 7.(a) N2 isotherms obtained at -196 ºC and (b) CO2 isotherms obtained at 0 ºC for the 
different monoliths produced. The solid lines correspond to AC-containing monolithic 
samples, and the dashed and dotted line corresponds to the green foam and the PVA foam 
respectively.
The micropore size distribution of the different monoliths was calculated using the NLDFT 
model applied to the CO2 adsorption isotherm data (slit-shaped pore; equilibrium model), 
and the results are shown in Fig. 8. These calculations confirm that the microporosity 
developed in the carbonized PVA phase is narrower than the microporosity of AC 
particles. AC particles also exhibit two small peaks at the pore sizes around 0.75 and 0.85 
nm (dashed lines) that are also present in the AC-containing monoliths, thus indicating an 
excellent interconnection between the micropores in the particles and the macropores of 
(a) (b)
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the monolith. This hierarchical macro-micro pore structure guarantees a rapid transport of 
the gas through the macropores of the monoliths into the narrowest micropores (pores 
below 0.7 nm) of the AC particles where CO2 will be adsorbed, suggesting that the 
monoliths produced using this technique can be excellent adsorbent materials for selective 
CO2 capture in CO2/N2 streams in a gravimetric basis.
Fig. 8. Micropore size distribution (PSDmicro) obtained using the NLDFT model.
The macropores were shown to exhibit geometries similar to spheres and consist of a net of 
cells interconnected by struts of smaller diameter. The macropore size distribution was 
evaluated using mercury porosimetry (see Fig. 9), and the results indicate a narrow pore 
size distribution around the average pore size, as observed qualitatively in SEM previously. 
There is not a very distinctive effect of particle size or content on the resulting macropore 
size distribution of the monoliths; however, it seems that higher content in AC particles 
yields slightly larger macropores. Nevertheless, it must be taken into account that the pore 
sizes measured using mercury porosimetry only represent the size of the pore entrance and 
that the actual pore might be larger. A more realistic pore size can be derived from SEM 
observations.
16
Fig. 9. Macropore size distribution (PSDmacro) obtained using mercury porosimetry.
3.5 CO2 selective capture from CO2/N2 mixtures
In order to evaluate the potential of CO2 capture technologies, the sample with 10 wt.% 
fine AC was selected and placed into a column for further breakthrough experiments under 
a simulated post-combustion exhaust stream of a coal-powered power plant. The sample 
monolith was machined from a larger monolith using the same quartz reactor employed for 
the adsorption experiment as a drill, thus ensuring that there were no gaps between the 
sample and the walls of the reactor. Fig. 10a shows the results obtained from a fixed-bed 
column system with an inner diameter of 3.2 mm and a length of 60 mm containing 0.082 
mg of sample. A feed gas mixture composed of 16% (V/V) of CO2 in N2 was used and the 
experiment was carried out at 25 ºC at a total pressure of 1 bar. The measured dynamic 
CO2 adsorption capacity was 0.868 mmol/g, which is slightly smaller than the static 
adsorption capacity of the single component at the same relative pressure of 0.16 bar 
(0.992 mmol/g, see Fig. 11). This difference is expected since the isotherm is built up point 
by point in the volumetric equipment waiting for the thermal equilibrium in the sample cell 
at each pressure. Moreover, the isotherms are obtained using a single gas component, while 
in the breakthrough experiment there is competition for the adsorption sites between CO2 
and N2. Facing practical application, the working capacity of the column (the CO2 uptake) 
is a critical factor to make the PSA process more efficient. Indeed, the fact that the working 
capacity of the sample under the dynamic experimental conditions is very close to the 
maximum adsorption capacity under equilibrium conditions is due to the hierarchical pore 
structure that allows a fast transport of the gas through the macropores of the monolith to 
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the micropores of the activated carbon allocated in the walls of the monolith resulting in a 
small mass transfer zone (i.e. enhanced column efficiency) as anticipated by looking at the 
vertical profile of the breakthrough curve [20].
Fig. 10. (a)Breakthrough curve of a 10 wt.% AC carbon monolith using a CO2 (16%)/N2 
(84%) flue gas mixture at 25 ºC and atmospheric pressure. (b) Regeneration of the same 
specimen throughout six cycles of adsorption/desorption run.
Moreover, the selectivity factor (SCO2/N2) was calculated as:
𝑆𝐶𝑂2
𝑁2 =
𝑞𝐶𝑂2
𝑦𝐶𝑂2
𝑞𝑁2
𝑦𝑁2
where qCO2 and qN2 are the equilibrium dynamic adsorption amounts of CO2 and N2 at the 
breakthrough time respectively. yCO2 and yN2 are the mole fraction of CO2 and N2 in the gas 
phase. The CO2 selectivity over N2 gives a value of ca. 13, superior to that exhibited for a 
commercial Norit type activated carbon calculated from the adsorption of the single 
component [42] and well-within the range of selectivities reported for several adsorbents 
[11,14,21,27]. Several cycles of adsorption-desorption were performed in order to test the 
stability and recyclability of the carbon monolith under milder regeneration conditions (a 
He flow of 40 mL/min for 20 minutes at 25 ºC).  Fig. 10b shows that the sample retains 
more than 90% of its initial capacity after six consecutive cycles. The easy regeneration is 
in accordance to the low enthalpy of adsorption of CO2 on the carbon surface 22 kJ/mol 
[14]. Works from Casco et al [15] and Presser at al. [43] nicely described systematically 
the effect of the pore size on carbon dioxide sorption by carbon materials. Note that the 
maximal CO2 adsorption capacity of the carbon foam with 10% of fine AC under static 
condition is 2.62 mmol/g at 1 bar/25 ºC and 4.13mmol/g at 1 bar/0ºC. Although these 
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values are not the highest value reported in the literature for carbon-based adsorbent [44], 
they follow the trend found for carbon materials containing similar micropore volume and 
pore size below 0.7 nm of the above-cited articles, and are comparable to others 
microporous adsorbents, such as metal organic frameworks [11] or microporous organics 
polymers [17,45].  
Fig. 11. Equilibrium adsorption isotherms of the single component CO2 and N2 at 25 ºC up 
to 1 bar for a 10 wt.% AC monolith.
In summary, this synthesis method can yield hierarchical carbon monoliths able to adsorb 
considerable amounts of CO2 in both static and dynamic conditions at very low relative 
pressure (0.16 bar) and at ambient temperature, combining high stability and recyclability 
after several runs. The shape of the monolith can be tailored in order to facilitate handling 
in the industry toward PSA carbon capture technologies and its adsorption capabilities can 
be tuned by modifying the constituent particles used.
4. Conclusions 
Carbon porous materials were obtained by adapting a previously-developed method based 
on the combination of direct foaming and gel-casting. According to this method, liquid 
foams stabilized by solid particles are used as templates for the synthesis of macroporous 
materials. We used ad hoc produced activated carbon powders with important micro-
porosity, obtaining carbon monoliths with a hierarchical porosity. As indicated by surface 
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tension measurements of the precursor dispersions, such activated carbon particles 
interacting with cationic surfactants, become amphiphilic and tend to segregate to the 
air/liquid interface, guaranteeing the foaming and the high stability of the obtained liquid 
foams. The monoliths produced here show excellent gravimetric CO2 adsorption capacities 
and proved to have a good performance in the selective CO2 capture under simulated post 
combustion gas streams. The interconnected macro and micropore network guarantees a 
rapid transport and adsorption of CO2 with no observable pressure drop along the column. 
Furthermore, the samples showed to retain their working capacity even upon cycling. By 
changing the morphology or/and textural properties of the carbon particles, it is possible to 
design a great variety of hierarchical porous materials. For instance, it could be possible to 
extend the protocol to other carbon colloids such as carbon nanotubes or graphene.
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